We report broad-band superluminescent diodes (SLDs) with different active layers using a selfassembled InAs quantum-dot (QD) structure grown by using atomic layer molecular beam epitaxy. The photoluminescence and the electroluminescence measurements show a relationship between the emission properties and different activelayer structures of the QD-SLD These results explain the possibility of QD-based SLDs exceeding the performance of quantumwell-based SLDs.
I. INTRODUCTION
The superluminescent diode (SLD) is an ideal optical broad-band source for applications like optical gyroscopes, sensors, wavelength division multiplexing systems and optical time-domain reflectometers [1] [2] [3] . The main issue in the SLD for these applications is simultaneously broad spectral bandwidth. Until now, various technologies have been utilized to realize a broad-bandwidth SLD using a quantum well (QW). At the epitaxial engineering level, approaches such as a coupled SLD, a multiwidth QW, selective area epitaxy and QW intermixing have been used to further broaden the bandwidth of the SLD [4] [5] [6] [7] . However, they have some disadvantageous factors. Typically, although different QW widths can afford different energy transitions, changing the energy is not successive, which will lead to an irregular N-shaped spectrum.
In the past several years, a quasizero-dimensional system, especially self-assembled semiconductor quantum dots (QDs) has been investigated from a fundamental physics point of view and for potential device applications [8, 9] . One of the main issues for typical QD-based optical devices is to grow QDs of uniform size to obtain a narrow spectral bandwidth On the other hand, it should be noted that nonuniform growth of QDs can be of benefit in a SLD Recently, taking the advantage of the highly inhomogeneous nature of self-assembled QD structures, broadband QD-SLDs have been demonstrated [10] [11] [12] . These reports imply that the use of QDs is very attractive for SLDs with a wider spectral bandwidth.
In this paper, the optical properties of self-assembled InAs QD-SLDs are reported. Especially we will present results of a direct comparison of QD-SLDs based on the same epitaxial layer structure except for the active region. We show that the photoluminescence (PL) characteristics of the QD structures are directly reflected in the electroluminescence (EL) characteristics of SLDs. When the QD size is controlled and the QD size at each stack layer is variable, a SLD with a much wider spectral bandwidth can be obtained. These results suggest that the QD structures are highly promising for SLDs with a much wider spectral bandwidth.
II. EXPERIMENTAL DETAILS
The QD-SLD samples used in the present work were grown on (100) Si-doped GaAs substrates by using a molecular beam epitaxy. The QD is self-assembled during alternate supply of precursors by using the atomic layer epitaxy (ALE) technique. An InAs ALE QD is grown by several repetitions of a 3-monolayer (ML) In/3- ML As cycle. This growth technique has the advantage that the QD size can be controlled by the number of cycles. Fig. 1 shows a schematic diagram of our QD-SLD structures. The only difference between the SLDs is their active layer. The active region of the QD1 sample consists of six In 0.15 Ga 0.85 As/InAsQD layers. On the other hand, the active region of the QD2 sample consists of three parts. One part is composed of two In 0.15 Ga 0.85 As/InAsQD layers, another part is composed of two In 0.1 Ga 0.9 As/InAsQD layers, and the other is composed of two GaAs/InAsQD layers.
To suppress the laser oscillation of the SLD, which originates from the nonzero facet reflectivity, we adopted a J-shaped waveguide [13] . The ridge waveguide is 5 µm wide and 2 mm long with a 1-mm-long straight part and a 1-mm-short bent part. The bent ridge waveguide was designed to bend smoothly to minimize optical propagation loss. The output facet of the bent ridge waveguide was tilted from the normal direction of the cleaved facet by 7
• . The active region was clearly defined by a triangular SiO 2 window. The taper angle was 3
• with the center axis tilted by 7
• . The active QD layers were sandwiched by 18 periods of Al 0.3 Ga 0.7 As (2 nm)/GaAs (2 nm) for the separate confinement layer (SCL). The cladding layers outside the n-and the p-SCL were n-and p-Al 0.35 Ga 0.65 As (1.52 µm, 3 × 10 18 /cm 3 ). Finally, p + -GaAs (400 nm, 2 × 10 19 /cm 3 ) was grown as a cap layer for the ohmic contact [10, 14] . Figure 2 shows the PL characteristics of self-assembled InAs QD-SLD samples with different active regions. The PL was measured at room temperature and at an excitation power of 1 mW. An argon ion laser with a wavelength of 514.5 nm was used, and the PL signal was measured with a liquid-nitrogen-cooled Ge detector. In Fig. 2 , the PL spectra show different shapes and are very strong even at low excitation intensity. As clearly shown in Fig. 2(a) , the PL spectrum of the QD1 sample shows only one peak with a weak high-energy shoulder, centered at 1.269 µm. However, the PL spectrum of the QD2 sample shows three wellseparated peaks (1.188, 1.251 and 1.293 µm) with a large full width at half maximum (FWHM) as shown in Fig. 2(b) We explain that this result is mainly due to the inhomogeneously-broadened QDs with three different sizes. In order to confirm the source of the multipeak feature in the PL spectrum for the QD2 sample, we carried out excitationpower-dependent PL measurements. Figure 3 shows excitation power-dependent PL spectra of the QD-SLD samples for various powers from 1 to 100 mW at room temperature. There are multi-peak features in the PL spectra at relatively high excitation power. For the QD1 sample, the peak at 1.201 µm is newly observed and its intensity is increases with increasing excitation power, indicating that the additional peak corresponds to excited-states of the QDs On the other hand the PL spectra for the QD2 sample show triplepeak features even at an excitation intensity of 1 mW. With increasing excitation power, the overall intensity is enhanced and the shape is not significantly changed. This result indicates that the triple-peak features with a broad spectral bandwidth are largely related to the size distribution of QDs in the various multi-stacked QD layers [15] [16] [17] . Representative EL spectra of the QD-SLD samples at different injection currents are plotted in Fig. 4 . The measurement condition was a temperature of 300 K with CW operation. In Fig. 4(a) , at low injection current, the QD ground-state of the QD1 sample provides the main contribution to the emission. At higher currents this emission saturates because of the ground-state filling and a second line due to recombination from the first excited-state appears. This line is eventually dominant at high injection currents due to the higher degeneracy of excited-state energy levels. The excited-state level can contribute to the gain with twice as many carriers as the corresponding ground-state level due to higher angular momentum degeneracy [18] . The bandwidths of the ground-state peak and the excited-state peak are 35 nm and 31 nm at 800 mA, respectively. As clearly shown in Fig. 4(b) , we could find that the EL spectrum of the QD2 sample was nearly flat and that it exhibited an almost broad uniform shape at different current levels. When various multiple-stacked QD contributions are comparable, provided that the bandwidth of each line is large enough to produce a smoothed overlap, a very large bandwidth can be achieved. It is clearly shown that the bandwidth is 98 nm at 800 mA wider than that of the QD1 sample. These results imply that utilizing QDs is very attractive for a SLD with a wider spectral bandwidth. When the QD size is controlled and the QD size at the each stack layer is variable, a SLD with a much wider spectral bandwidth is assured. Figure 5 shows the light output power versus current characteristics of the QD2 sample at room temperature under continuous operation. The CW output power of 32 mW was obtained at a 900-mA injection current This power seems a little small compared with those reported by other researchers [5, 6, 19] . However, the spectral bandwidth of our QD-SLD sample is wider than that of the other researchers Moreover, the L-I curves of other re-searchers had a knee that correspond to a threshold for lasing. We thought that to avoid the reflection feedback modes, we should lengthen the devices adequately, but larger pumping currents were required for longerlength devices, which indicated that the quantum efficiency decreased with increasing length of the devices. Although it has not been clear until now what structure is appropriate for a wider spectral bandwidth and a simultaneously higher optical power, it is clearly expected that a high-performance SLD which may be appropriate for SLD applications will be developed by utilizing QD-based structures.
III. RESULTS AND DISCUSSION

IV. CONCLUSIONS
We investigated the optical properties of selfassembled InAs QD-SLDs with different active layers by using PL and EL measurements. Especially, we demonstrated that multi-stacked QD layers with different types of QDs or different sizes in each layer are promising for a SLD with a much wider spectral bandwidth. A spectral bandwidth of 98 nm at a CW output power of 32 mW for the SLD with various multi-stacked QD layers was obtained at room temperature. The use of a QD structure as an active region of a SLD was also proven to be an effective way to improve the performance of the SLD.
